Two-dimensional infrared spectroscopy (2D-IR) probes the local solvent structure and dynamics of the ν 3 mode (BH antisymmetric stretch) of borohydride ) in aqueous solution. The 2D-IR spectra of the BH stretches have broad and overlapping bands. Vibrational energy relaxation occurs on a 2 ps timescale. Energy that is initially deposited in BH stretching modes and directly in the solvent generates a long lived hot ground state. Before the hot ground state appears, some indications of intramolecular vibrational energy redistribution are observed. The solvent viscosity was varied (1.5-6 cP) by increasing the hydroxide concentration (0.1-7 M). Within the vibrational lifetime of the BH stretching modes, the rate of structural relaxation slows proportionally to the viscosity due to the overlap of the ions's solvation shells.
Introduction spectra. We then discuss vibrational energy redistribution, relaxation, and thermalization of BH -4 in aqueous solutions with IR-pump IR-probe and 2D-IR experiments.
Then, we present the 2D-IR spectra as a function of [OH -] and the dynamics of solvent reorganization around BH -4 in water. Finally, we discuss the resulting physical picture related to the solvent reorganization timescales.
Methods

Sample Preparation
Sodium borohydride (NaBH 4 , purity >97%), 10 M NaOH solution, and HPLC grade 
FTIR
The FTIR spectra were obtained using a Nicolet 6700 FTIR (ThermoFisher Scientific).
The instrument was equipped with a nitrogen purge to eliminate atmospheric bands.
The spectra were baselined to zero using the region at 3950 − 4000 cm −1 . The sample FTIR spectra were normalized to the respective solvent FTIR spectra and subtracted.
2D-IR
For 2D-IR experiments, a commercial Ti:Sapphire laser generates a 805 nm pulse with a duration of 120 fs and a repetition rate of 5 kHz with a pulse energy of 1 mJ. A seed pulse from a Ti:Sapphire oscillator (Coherent Vitesse) is amplified by a chirped-pulse amplifier (Coherent Legend Elite).
A home-built tunable optical parametric amplifier generates a 2.2 µJ mid-IR pulses. 49 A sapphire crystal first generates white light which mixes with the 805 nm pulse in 2 passes through a Type 1 beta barium borate (BBO) crystal. The resulting signal and idler difference frequency mix in a silver thiogallate (AGS) crystal to generate the mid IR pulse (1200 − 4000 cm −1 , ∼ 200 cm −1 full width at half maximum).
The 2D-spectrometer uses a pump probe geometry. 50 The third-order nonlinear signal field is heterodyned with the probe pulse, which acts as the local oscillator in this geometry. The first coherence time (t 1 ) is controlled by a Mach-Zehnder interferometer, with the population time (t 2 ) varied by a 50 mm motorized translation stage with a delay up to 200 ps. Spectra are obtained at each t 2 time by Fourier transforming the signal at t 1 resulting in a spectrum at ω 1 . The ω 3 signal is recorded on a 2 × 32 mercury cadmium telluride (MCT) array detector using a single monochromator with a 50 line/mm grating. The 2D-IR experiments were performed in the all parallel polarization. The change in shape of the 2D spectra can be quantified by various methods -ellipticities, 51,52 center-line slope, [53] [54] [55] nodal-slope 56 and phase-slope. 52 All of these quantities are approximately equal to the normalized vibrational frequency fluctuation function in the limit of inhomogeneous broadening. In this work, we used center line slope (CLS). 53 The error in the measurements were determined by propagating the uncertainty through the peak maximum determination, the slope fit, and the correlation fitting. (Figure 1a ). Two Fermi resonances contribute to the overall lineshape: the overtone of the antisymmetric BH-bending mode (2ν 4 ) and the combination band between the symmetric and antisymmetric BH-bending mode (ν 2 + ν 4 ). 57 The 2ν 4 mode has a center frequency at 2204 cm −1 , and the ν 2 + ν 4 mode has a center frequency at 2317 cm −1 . The dark modes can "borrow" oscillator strength from the bright ν 3 mode because they all contain an irreducible representation with T 2 symmetry.
IR-pump IR-probe
The ν 3 mode blue shifts 9 cm −1 when the base concentration increases from 0.1 M 
Structure of the 2D-IR spectrum
The features in the 2D-IR spectrum of BH -4 in aqueous solution are broad and unstructured ( Figure 2 ) in agreement with previous work. 43 The breadth precludes detailed interpretation of some features in the spectrum because the broad bands overlap and cancel. The single, broad diagonal peak corresponds to the ground state bleach (GSB) and stimulated emission of the ν 3 mode (peak 1). The band is centered at (ω 1 , ω 3 ) = (2250 cm −1 , 2270 cm −1 ), and is asymmetrical (peak 4). The unusual shape could be from a crosspeak between ν 3 and 2ν 4 , but could also be inherent asymmetry of the diagonal band. A strong positive peak appears off of the diagonal (2250 cm −1 , 2130 cm −1 ), which could either be an excited state absorption (ESA) of the ν 3 mode or a crosspeak with the 2ν 4 band (peak 3). The large positive peak (3) is also asymmetrical with a shoulder around (2210 cm −1 , 2130 cm −1 ) (peak 5) which could be overlap of another peak (ESA of the overtone). A small positive feature (peak 2) lies between the two larger peaks at (2250 cm −1 , 2210 cm −1 ). On the one hand, the anharmonicity of peak 3 agrees with the anharmonicity determined from IR-pump IR-probe measurements (∼ 120 cm −1 ). 47 On the other, the anharmonicty of isotope diluted BH -4 determined from solid-state 2D-IR is much smaller (44 cm −1 ), 48 more in line with the small positive feature (peak 2).
The vibrational spectrum of BH -4 in ionic liquids 58 helps us assign the aqueous BH -4 spectrum. In ionic liquids, the vibrational bands are much narrower and clearly resolved crosspeaks are observed. An analysis of the spectra demonstrates that peak 3 is a transition from the ν 3 fundamental to a state primarily (∼ 50%) composed of 2ν 3 , while peak 2 is a transition from the ν 3 fundamental to a state of mixed character (∼ 50% 1ν 2 + 3ν 4 ). The diagonal band for the 2ν 4 transition is again hardly observed, but a crosspeak between the ν 3 and 2ν4 modes is clearly visible. Based on this correspondence, we interpret the initial asymmetry of the ν 3 band (region 4) in aqueous solution as the unresolved crosspeak.
Vibrational energy redistribution, relaxation, and thermal- The offset increases in magnitude with an increase in hydroxide ions (Figure 3b inset). The mid-IR absorbance increases with an increase in the hydroxide concentration (Supporting Information). An increase in the signal at long times may correlate to an elevated heating effect where more energy is being deposited into the bath. Figure 4 : 2D-IR spectra of 3 M NaBH 4 in 5 M NaOH solution at various t 2 times. A hot ground state is evident at long t 2 (200 ps) as the GSB (peak 1) remains even though the ESA (peak 3) has completely disappeared.
The 2D-IR spectra as a function of t 2 show indications of vibrational energy redistribution ( Figure 4 ). As t 2 increases from early times (∼ 0.2 ps) to 1 ps, peak 4 appears to increase in amplitude. The fast rise of the crosspeak is likely due to the redistribution of vibrational energy between the ν 3 and 2ν 4 modes. Though the diagonal 2ν 4 peak is not clearly observed, if the 2ν 4 mode is pumped and the energy is transferred to the brighter ν 3 mode, the cross-peak can be larger than the diagonal peak. A corresponding crosspeak due to downhill energy transfer between ν 3 and 2ν 4 is not observed, likely due to the overlap with the ESA band.
At long times (∼ 200 ps), we interpret signal of the GSB in the IR-pump IR-probe spectra and the shape of the 2D-IR spectra as a HGS. Energy initially pumped into the BH-stretching modes can relax into other intra-and inter-molecular modes ( Figure   5 ). We find the population decay of 2 ps in good agreement with both Tyborski et al. 47 and a thermalization effect has been shown to occur for HOD in water 59 and with high [OH -]. 44 Energy deposited into these water vibrations also contribute to the HGS that we observe.
Temperature dependent FTIR support the conclusion of a HGS. The frequencies of the BH-stretches do not change, but the intensity decreases as temperature increases (Supporting Information). This is consistent with long-lived GSBs without apparent new absorptions.
The possible HGS and short T 1 (∼ 2 ps) limits the t 2 range for a 2D-IR experiment on these systems. First, the T 1 of BH -4 is faster than previously reported causing the t 2 to be more limited than previously expected, i.e the ESA absorbance (peak 3) decays to 0 by 5 ps. CLS values at times longer than ∼ 4 ps reflect the HGS spectrum, which is essentially a bulk effect, and not the dynamics of the initially excited molecules. Figure 5 : A possible mechanism describes vibrational energy redistribution, relaxation, and thermalization for BH -4 in an aqueous solution. The IR pump will populate the 2ν 4 , ν 3 , or ν 2 + 2ν 4 mode, and energy may redistribute between the three modes. The IR pump excites some solvent modes, directly heating the bath. Vibrational relaxation then occurs to low frequency bending modes, other intermolecular modes, and thermally populated modes (HGS) before relaxing to the ground state. Energy deposited in the solvent and BH stretches heats up the local environment generating the HGS, which cools on a timescale long compared to the experiment (200 ps).
Spectral diffusion of BH -4 in aqueous solution with varying viscosity
The change in shape of the 2D-IR spectrum as a function of population time (t 2 ) reveals the timescales of molecular motions. Molecules in different local environments can have different vibrational frequencies. As a result, many Lorentzians make up a vibrational band due to the "natural" linewidth. When t 2 is short compared to the molecular motions, the bath environment does not have time to reorganize around the molecule.
The initial frequency is highly correlated to the final frequency and the peak stretches along the diagonal. As t 2 increases, the molecules move around to a different local environment and lose correlation to their original environment, and the peak becomes round. The random motions of molecules cause a random walk in frequency space, called spectral diffusion.
The change in shape of the ν 3 mode's diagonal peak reports the dynamics (Figure 6 ).
2D-IR spectra for the ν 3 mode of BH -4 at various population (t 2 ) times were collected while varying the concentration of NaOH: 0.1 M, 1 M, 5 M, and 7 M. We limit our analysis to the first 4 ps due to a short T 1 and thermalization effect occurring past 4 ps. As the concentration of NaOH increases, the initial tilt of the ν 3 mode increases at early t 2 times, thus a more inhomogenous component is present in the higher base concentration (Figure 6) . The dynamics were quantified with the CLS of the ν 3 mode up to 4 ps (Figure 7a ).
CLS results were fit to a single exponential with an offset (Equation 1)
where A 1 is the amplitude of the exponential, τ 1 is the fast timescale component, and c is an offset due to dynamics on a timescale longer than the experiment resolution ( Table 1 ).
The frequency fluctuations of the ν 3 mode of BH -4 slows with increasing [OH -]
( Table 1) in NaOH solutions. The parameters were extracted from CLS fits to the 2D-IR spectra at various t 2 times. the time window we analyze due to local heating. Despite these quantitative differences, there is broad agreement in the results and resulting physical pictures.
The low initial value shows that the majority of the dynamics that modulate the BHstretching frequency are in the fast modulation (homogenous) limit. We interpret these dynamics to be the equilibration of the initial excitation within the triply degenerate identified librational motions at ∼ 50 meV, which have an ∼ 80 fs period. 60 Giammanco et al. 43 measured an initial anisotropy of < 0.07 and interpreted this as fast (  200 fs) vibrational energy redistribution within the T d band. The motional narrowing limit occurs when the product of the linewidth and the timescale, Γ, is Γ = ∆τ 1. Given that the linewidth of the BH vibrations are ∆ ∼ 13 cm −1 , Γ for the librations is ∼ 0.17, which is well in the motional narrowing limit. The Γ for the energy redistribution with the ν 3 band should be 1, also in the motionally narrowed limit. Finally, the energy transfer between ν 3 and 2ν 4 should be Γ ∼ 0.4, which is intermediate motional narrowing.
The first timescale of spectral diffusion that we resolve (τ 1 time), we interpret as hin- The solvent reorganization rates we report here may support a molecular analysis of the rates of hydride transfer reactions. 2D-IR probes the BH -4 molecule at equilibrium. 
At low pH, the reaction with H 3 O + dominates the rate of BH -4 hydrolysis, but at high pH the reaction with H 2 O eventually dominates. At high salt concentrations, the first solvation shell around BH -4 may be sufficiently confined and the dynamics of reorganization may be sufficiently slow enough that transition state theory will begin to fail. As the pH and crowding increases, it is likely that the transition state theory estimates for k H 2 O will need to be augmented with corrections for recrossing and solvent friction. The dynamics we measure will be important validation steps for testing the theoretical modeling in this regime.
Molecular modeling, for example the work by Keith et al., 42, 74 could test how the solvation dynamics coordinate projects onto the reaction coordinate. These detailed comparisons will both provide a molecular picture of dynamics around BH -4 as well as provide stringent experimental validation of the calculations.
Conclusion
We have explored the dependence of BH -4 dynamics on solvent conditions. The breadth of the bands causes spectral congestion which precludes direct assignments of the peaks and crosspeaks. Rapid vibrational energy redistribution causes crosspeaks to grow in the 2D-IR spectra. Vibrational energy relaxation from the BH stretching modes and the solvent background cause a hot ground state to dominate the spectra after ∼ 4 ps.
We show that structural reorganization around the BH - Abs. 2ν 4 ν 3 ν 2 +ν 4
